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Abstract

Large cyclomc and antlcyclomc eddles are found in the Caribbean Sea.. Analysis of sea level

o data from the TOPEX/POSEIDOV altlrneter shows that the eddies are quite regular, appeanng
once every 80-100 days near the Southern 'Lesser Anulles, These eddles progress westward
at average Speeds of 12 cm/s;growi;lg in émp_iitude up to 20 cm. Many eddies dissipatein
the coestai waters of Nicara‘gea a hzilf—yeai after they appedr. A high resolution genefal circu-
‘lation model of‘the Atlantic is shoWn to repreduee majkop features ’cl)f the eddy life cycle,

; including their ampliktudes temporal"scales and propéaation speed- Anvalysis of the ’r’nodelvb
output further suggests that the eddxes are maunly lnmted to the thermoclme and above w1th

| little phase lac in the vertical. The simulated edches have sufﬁcxently strong currents that the

: honzontal gradient of total vortlcxty chanoes s1gn sum:restmor that converswns from mean to

eddy kmeuc ‘energy may be contnbutmcr to their Growth Anai‘ys of the simulation hnks
~ eddies in the Canbbean with eddles formed outs1de the Canbbean at the confluence of the

North Brazﬂ Current and No-rth Equator;al Countercurrent system_sr.b




1. Introduction

’, The Caribbean Sea, akdeep" semi-enclosed basin, plays an important role in closing the mass
budget of the Atlanric, Ocearx. kThe‘ mean currents of the Southern Caribbean are dominated by.
the.strorrg Westward 'Caribbean Current that flows into the basin through the islands of‘ the |
'Southem- Lesser Antilles (Fig. 1). ﬁis current sweeps past the Yucatan Pehinsula, and COn-
- dtmues mto the Gulf of Me‘mco (Wust, 1964 Gordon 1967) e;xutm<7 throuch the Flonda Stra.lts
’at a rate of 30><106 3/s (Schrmtz and Rlchardson 1991). Its speed in the Southern Carib- _

bean may average 60 cmy/s (Mohnan et al 1981)

Roughly holf of the transport in this%curren‘tk erite'rs the SOUtJI'I‘?-m Caribbean through the narr'owvf
‘ Grenada, Saint Vincent, é.nd' Saint Locia Paésaoes of the Southern Lesser Antilles (see |
: Mazeika et al., 1983: Kmder et al., 1985 and assocrated references). Water commo throuch
’ 7‘the Wmdward Islands is 0enerally assumed to or1 1nate in the Southem Hermsphere tran- .
,5ported there by variab’le currents alo‘ng the easterrr boundary of South Amerrca (Schrmtz and
5 Rﬁichard‘sorly, 1991). A few channels are dee_p‘ enough ‘toadmipt‘ water to depths of 90051. Okther
than these narrow channels most of the‘tra’n’sport into rhe Cé;ribbean occurs at depths shal- ‘
' ‘lowerfthan 200m. Theshadbwneés of these‘_‘i‘a'tterr passages ensures tha}t‘t_he' Caribbean

" Current has a shallow vertical structure and strong vertical shear in the east.

_' The Caribbean Sea is also known to have pronounced varlablhty in both space and time. The o

. sea level record at La Guarra in central Venezuela is shown in Flg 2. This port is exposed to -

| the Canbbean Sea wrth only a 20—kﬂometer contmental shelf. In the time series an annual
- variation 1s -evident. Weekly timescale vanatlons are apperrent produced by syn0pt1c ﬁuctua—
tions in winds and surface pressure. But, the most enercetlc 51gnals in the record are quasi-
perxodic 20 cm peak to-peak ﬁucmatlons w1th time scales of 80-100 days. We believe the
cause of these sea level fluctuations i is the westward passmg of large amphtude rnesosc}ale

eddies. Such eddies are apparent in a hydrographic survey by the Colombian Navy in 1975,
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~shown in Fig. 3. The sources and evolution of these eddies are the main topics of this paper.

- The first published evidence of eddy activity in the Southern Caribbeaﬁvwas the discovery of
two eddies to the west of the Lesser Antilles by Ingham and Mahnken (1966) These eddies
| were conﬁned mamly above 150m w1th maximum surface currents of 1 m/s. In a reexamina-
tion of the data, Lermng (1971) proposed thatvthe: eddres were part of an 151arrd wake resulvtmg
‘ from flow pest the Lesser Antilles. A contprehensive documentation of the eddy ﬁeld eame
b from deployments of 23 drifters during the fall and winter seasons of 1975-1977 (Molirlari et
: al 1981" ‘Heburn et aI 1982‘ Kinder, 1983). The drifter tracks shoWed e'videuce of eddy
- activity throughout the Southern Cambbean But the d1str1but10n of observauons led the :
» _ authors to assume that the eddy act1v1ty occurred mamly in the eastern basm Successrve
| ‘drlfters that‘seemed to measure the sa:_ne,eddy rmphed westward propagatlon with speeds of» |
10 cm/s. Molinari e")‘?l" (198 1‘) suggested that the eppearence of eddies near the Aves Swell -
was the result of interection vbetween the trzean flow and the topography. = A different generz\t—‘
| tlon mechamsm was proposed by Heburn et al ( 1982) usmg a two layer model sug gestlng i
‘ that the eddxes result from barotroplc mstablhty of the strong currents flowing through the

I_.esser Antxlles.'

i ’Because of their sparse dtstnbuuon the dnfters were urtable to resolve the _space or ttme _
‘. scales of the eddres Synthetrc Aperture Radaf measurements from SEASAT (Fu and Holt

| - 1983) and alumetry from GEOSAT (Nystuen and Andrade 1993) had both subsequently v
ishown evidence of eddy act1v1ty in the Canbbean Sea Nystuen et al rdenttﬁed two antrcy-
_clomc eddres with 20 cm amphtudes and diameters of 200~300 km. These eddies were. much o

larger and more persrstent than those prev1ously descrlbed with a cornparable westward speed ,‘

. of 15 cm/s.

In this paper we use sea levely_ information from the TOPEX/POSEIDON satellite altimeters to

describe the eddy field in the Caribbean Sea. In ‘additiorr,k an eddy-resolVing Atlantic Ocean
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- general circulation model has recently 'been developed (Chao et al., 1996) The fine horizon-

tal (1/60)' and vertical (37-1eve1) resolution of this Sjmulation allows us to study aspects of the
mesoscale dynamics of the Caribbean Sea that akre not visible to surface observations from

satellite altimetry or drifters.

2. Altimeter data analysis |

¢ of 110 cycles of TOPEX/POSEIDON (T/P) data iﬁio sea level records has b'een

e cammii o by the Geosciences Laboratory/NOAA and is described jn detail in Cheney et al
'(1994) The equatonal spacmg of the Ol‘blt 2 83° deﬁnes the Immmum resolved cross-track
spatial scales Orbit prec:1s1on for the T/P satelhte 1s 5 cm, - with most of the error at planetary

| 'wavelengths. No filtering has been done to correct for orblt error, as has bee;i;necessary w1th ‘

- 'pre\}ious altimeter data set”s -Ocean tlde mgnals Were removed using the tide model of Cm‘,

‘wright and Ray modlﬁed by Wagner et al. (1994) The- senﬁdiurnal tides are uenerally weak

_in the Southem Can‘i,' an (K)erfve 1981), and so errors in the sermdlurnal tide correcuon '

o are not expected to be 1mportant.

e Sea 1evel vanablhty in the Canbbean Tises from a root*mean— square 8 cm in the east to 12
| cm in the West decreasmg agam as one progresses northward (Flg 4). In the western -
, Canbbean seasonal variations are s1gmﬁcant appax:ently due to the annual ﬁuctuatxons of the -

; trade wmds Of the 8 12 cm total 2 cm is accounted for by the annual cycle and most of this.

v is east of 65°W

o The phase of the annual cycle 18 apparent in'the t1me series shown in Flg 5 In the west. sea

level is depressed by 10 cm in wmter—sprmo when the trade winds are unusually intense. Sea

The amplitude of the annual cycie decreases dramancally west of 70°W.



-6 -

The trrne series 1rr Fig. 5 ahows clearly that the increase in sea level varrabxhty as one
progresses westward into the Car1bbean is the result of strong osc1llat10ns at intraseasonal -
' | periods. To deﬁne the time scales of these oscillations we have computed power spectra
v, ‘usirrg the fﬁll recordlencth withour’any filtering or prewhiteninc. .Th‘e resultS are diéplayed
in a log- lmear plot m ) the lower panel of Fig. 5. Most of the mtraseasonal energy is in the
. Jfrequency band between 80—100 days Within that band mspecnon of the spectra shows that
v’ the dommant time scale increases and the trequency band becomes narrower towards the west.
kBesrdes the eneroy in the 80-100 day band there is a peak in the spectra thh smaller ampli-
v tude close to 180 days that may be the sermannual cycle Unfortunately, the record length is
| probably too hn’uted to dlsUngursh thls clearly frorn the longest—penods of the mtraseasonal .
f varrablhty At peneds of less than 50 days the energy Ievels drop abruptly. The low energ yf'

in thrs band reduces our concern that h}gh frequency ﬂuctuanons are being ahased by the 10-

o day samplmg perrod of the alnrneters

: : ,The strongest vanabrhty occurs at 14‘”\1 kAt tl'ns lamude the mtraseasona] vanabrhty con51<ts_~
mmnly of a senes of westward propagatmg eddres whose: arnphtudes grow as they propaoate
-“,(F lg 6) The short record length only jusuﬁes a sunple approach to determmmg the speed of o
Ptﬂpagatlon of the eddies. Here we esnmate thrs speed by measurmg the mdwrdual speeds -
of 20 eddies vifsible in.rhe record. We assume that the statrsucs are statronary in order to esti-
mate a mean propaganon speed, and that the eddy motlons are mdependent and d1str1buted

" ‘accordlng to a Gaussxan drstnbunon to deterrmne an erTor esumate Based on these assump-
; ‘bynons we obtain an average of 1l 7+1 cm/s westward speed This average is remarkably con—i
= srstent with the prevrous estunates of Molman et al (1981) and Nystuen and Andrade (1993).
We define a zonal seale of the eddres to be the drstance from the sea level maximum or
minimum to the zero- crossrng after the seasonal cycle is removed Accordmg to this pro-
o cedure the average scale of these eddies 1s estrmated as 250 km. We make no attempt to put

' conﬁdence hrmts on this estxmate as it is quite close to the minimum scale resolvable by the
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altimeters. It is comforting that the estimate is consistent with that of Nystuen and Andrade

(1993), although much larger than earlier drifter studies would suggest.

3. Eddy-resolving’Atlant_ic Ocean model

The ocean model is based on the Pa’ra.llelkkOcean Program (POP) deyelboped at LoseA’lamos'
National Laboratory (Dukowicz et al., ’1“993) This ocean model is besed on Bi‘yan’s (1969)
formulatlon but d1ffers from 1t by removing the I‘lgld-lld approxxmatlon and treatmg the sea
surface hexght as a prognosnc vanable (e, free surface) The model doma.m covers the
' | Azlantlc ocean from 35°S to 80°N The horizontal resolutmn is 1/6° in both longltude and
Iantude There are 37 levels in the vemcal For the horlzontal subgnd-scale parametenzanon
' of tracers and momentum a hxghly scale seiecuve biharmonic (4th order) scherne was used.
| The conventxonal seeond—orderA operator is used for the Vemcal subgnd—scale parametenzat]on.
 The oeean model is »closed to inﬂow and outflow at the open boundaries. To minﬂcthe Water
~ exchange processes acfoss these artificial boundaries sponge" Iayers (or "buffer” zones) are
mtroduced next to these closed boundanes at all depths In these sponge Iay:‘:«és ternperature
and sahmty are restored toward the Lev1tus (198’?) seasonal chmatology The width of the
sponge layer is about 5° and the restormg time scale decreases from 30 days for gnd pomts ‘

- .near the prognosnc model interior to five days near the boundary

Startmgﬁamm Levitus (1k‘982) ‘in‘i‘tia‘l ’conditiions, we have integrated this 1/6° Atlantic Ocean
moéel for a total of tWenty-two yeaxsf during the ’ﬁrst 10 years the ‘model was forced with v
T,Vchmatologlcai the wind stress of Hellennan and Rosenstem (1983) and heat flux of Han |

| (1984) Surface sahmty was restored to the Lev1tus (1982) chmatology w1th a tunescale of 30
days. During the last 12 years the model was forced with European Center for Medlum-

) Range Weather Forecast (ECMWF) rnonthly stresses (Trenberth and Olson, 1988 Barnier et

al, 1995)
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The dlStI‘lbutIOH of 51mu1ated sea Ievel variability (F ig. 7) is similar to that observed by
, : TOPEX/POSEIDON Maxrmum vanabthty is 12 cm at 15°N decreasmcr to 8 cm in the east.
’North of the Yucatan Pemnsula the amphtudes are laroer than observed reaching 16 cm. The
chstnbutton of eneroy as a functron of frequency also bears strong similarities to the observa— :
tions (compare Fi 1gs 5 and 8) In the east the seasonal cycle is present, although w1th an. |
arnphtude of a few centtmeters mstead of the 10 centimeters observed Further west the
simulation shows stronv vartabthty in the 80—100 day band thh a narrow spectral peak

| exceedmg 1)(104 cm?s. Energy in penods less than 50 days is creatly reduced at all perlods

B In the western Canbbean west of 80°W the sea Ievei vanattons are reduced A time-
: rongmxde plot of the sxmulated sea level is shown in th 9 at the same latitude, 14"N as
observed seaf}evel was dtsplayed in F ig. 6. East of the Caribbean sea level- variations are pri~
| marﬂy annual. thhm the Canbbean eddtes grow and propagate Westward wrth an averave

: speed of 12 cm/s, a propaganon speed similar to that observed Spattal scales are atso typl~

cally 200-300_1@., ;

“An instantaneous cross-seCtion of veiocitv with depth and Iongttude shows, that ‘the eddies are
‘ pnrnanly conﬁned to the thetmochne with httle vertical phase shift (F ig. 10) conszstent wrth‘
.the observattons of Morrtson and Nowhn (1,982)., This Iatter suggests that barochmc»type

. tnstabﬂity processes rnay play a,secondary role. The vertical depth of penetration vanes from ‘

200 m near the Les'ser Antilles to 800 m near Nicaragua.

4. A case studyﬁ the life eycle of an anticyclonic eddy

The lifeeycl‘e of one anticyclonic eddy is shown in Fig. 11. The selection of this particular
eddy ,is pdrel’y random. We begin soon after the edd'y has been forrned in the retroﬁectiohf of
'the North Brazﬂ Current (day 7281 Flg 11 upper left) After formatron this rmg
progresses to the northwest ata speed of 15 cm/s until it reaches the Lesser Antﬂles on day |

7371. The details of the 'c1'rculat10n at this date are shown in Fig. 12. The ring dlstorts the
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inflow into the Caribbean Current, shifting it northward and thus generatingi a cyclonic circu-
lation to the west of t.hekring. In the simulation the cycloneé anticyclone 'paii‘ progresses west-
ward through the Southern Caribbéan dufi‘hg an interval of 170 days. During its progression
 through the Cagi:bean the amplitude of the eddy doubles. In the simulation these eddies are

; dissipated further north along the Yucatan Pehinsxiia;

| The sxmulated eddy shedding near ‘the North Brazil retroﬁectxdn is consmtent with recent ﬁeld
: observanons of Johns et al. (1990) and Fratantom et al. (1995) showmg that the currents alonc '
| the northeastern margin of Brazil are quasx—peﬁcdlc with perlods between 40-100 days. Based
“on these observations and images from the Cbastal Zone Color' Sczinner, Johns et al suggest
that kthe Niortthrazaﬂ r::troﬁectibn syStem is ugsﬁébl‘e,. cdntinueusly sh#dding antiuyclonié, w
fings Ins?ire&: b*ﬁ‘j this work Richardson et al. (1994) report ‘surfacé drif‘teftradéskthat show
two such rmgs progressing nerthwestwards to the Lesser Antilles. At that pomt the eddaes :
elther spun—dewn or were ejected from the rings. Using the GEOSAT alumeter daxa Dldden
and Schott (1993) trace rctmﬁectxon rmgs as far as the entrance to the» Ca‘mbbem Sea, l.eavmg

 their fate further downstream uncertain.

‘ Fratantom et al. (1995) revmt the 1ssue of the fate of the rmgs They exaxmne a numencal

smmlatlon of the tropxcal Atlam smg a 1/4°><1/4° s1x~1ayer rnodel Exammanon of the
| model output shows that althoucrh rmgs form every 40- 60 days only 2 3 rmgs per ycar can be
Vtraced to the Lesser Annlles and none penetrate into the Caribbean. However, m evaluatmg
their model vcrne must c:.onsiderthe,_complex geometry of the'Lesser Aniilles. ~1Thesfc0ast1me-for .
that panicuiar 'nigdel was déﬁned by the 200 m» isobath. That appmximé.iion ‘a"’nd’the' 140
re'solutio’n' gffecti\}ely closé jmc»svt'(‘)f the southern passagés into the Canbbeanxn ktl"lat‘ model :

(the topography is described in Mazeika et al., 1983 and Kinder et al., 1985).
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5. Summary

The sea level observatrons of the Canbbean are analyzed during the ﬁrst three years of the |

: TOPEX/POSEIDON altrmeter mission. The observanons show the presence of large, recuiar

- cyclonic and &nucyclomc: eddies. These eddres are, consistent Wlth\ earlier srghungs of eddies
in this area, and with the striking in‘traseasonai varié,tions in sea level observed at La Guaira '
Verrezuala Therr presence explains why Gordon (1967) observed counterciockmse circula-
tion in the southwestern Gulf de Los Mosqurtos, Mohnarr et al (1981) observed clockw1se

czrculatlon, Wmle Kx_nder et aI. (1_985); found counterclockwise circulation had returned.

We use a numerical model srmulatron part of an eddy~resolvmg simulation of Atlanuc circu-
lation, to examine several aspects of the dynazrucs of these eddzes We facus on therr ongm

ulnmate fate and relauonshrp to the mean crrcu}atmn of the Canbbean. The conelusmns can

be sumrnanzed as foﬂmvs e

1) The Ca:rlbbean supports strong eddy acuvuy w}th 80~100 day time acales and 25(} krn spa-
‘ na.l scales ’I‘he edd;es progress westward wrth speeds of 12 cm/s ta.kmg appmxzmately 180
days to cross the basm befcre dxssrpatmg near rhe coast of Nicaragua or the Yucatan Pemn-
'suia. The speeds are sxmrlar kt:o' those. of freeiy pr@pagatmgﬁ waves, but thexr grefwth in ,amph—
tude westwa;d:and ehang,irlg\(ertical structure suggests that ncnlirrear effects are important as,'

well:

2) An eddjﬁr#reeolvirig: geherél éireuléridﬁ inodél of thef tropical and North Atli’intie has beerr |
developed and 1s found to reproduce these eddies. The srmulanon results stroncly suggcst |
that the eddres ultrmately originate in the formation of armcyclomc rings in the Nerth Brazﬂ
retroﬁecuon Severa} data sets show that these rings progress northwestwards toward Port-of— k‘
| 'Spam at the entrance to the Southern Canbbean The su'nulatron presented here extends our

understandmg of the evolunon of these rmgs by showmc7 them mteractmg with the topocrraphy
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associated with the islands of Trinidad and Tobago. The interaction produces a cyclonic cir-

AR culation to the west of‘each ring. The resulting Pail'S of cyclonic’ and anticyclonic eddies

interact w1th the Canbbean Current and propagate westward along the axis of the Canbbean
.Current It appears that the anucyclomc eddies grow s;amﬁcantly as they propaaate west-

| ward, whﬂc the cyclomc eddies eventually decay

3) The Canbbean Cun‘em is the major route by which waxer enters the Gulf of Mexico, and

| thus is an 1mportant upper branch of the North Atlannc cxrculanon system Thc Canbbean
Current system has a volume transpurt of 31><106 3’/‘s close to the total trampcrt of the
Fionda Strmts (Gordon, 196’7) The eddies may play an important role in mixing thermocline

water masses of the Southern andeorthem Hemxsphercs.

Our hypothesxs of the cenexatmé mechamsm of the Caribbean Sea eddies must be trea{cd as
kteﬂtanve T] he numermai ocean model used m this study has not been mtegrated for a

k snfﬁcmnﬂy Iong tzme yet for an equxhbnum soiumm mamly becaase of the cmmputatmnal

cost. Furthcr Sensmvaty expemments are reqmred to conﬁrm our eddy generanon hypethems

More m—depth, analysis of ;he presant' simulation smll remains to be done to gnﬁerstand the

dynamicaipmccsses assocmtedthh theseCaribbeaﬁkeddies. '
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Figure Legen;c‘ls‘ e

ﬁg ’I Basm éeometry Dashed 1ine ;hows 1000 meter isobath. Instamaneeus path Of the
Canbbean Current is sketched |

k Fxg 2 Daﬂy sea leve} atLa Gualra, Venezuala (10.60°N, 66.94°W) for three years Data have
been dmiy averaged (data are descrﬁ)ed in Muller-Karger and Cast:ro, 1994) Lower
panei shows spectmm

Fig. 3 Temperature at 100 >m depth ba;éd 6n »bbservationsk collected by the Colombian Navy -

betWeen June 24 and >fuly 23, 1975 (Centro Colombiano de Datos Occﬁnograﬁco‘s, 1983).



Fig

Fig

. 8 Simulated sea level at four longitudes along 14°N. Upper panel shows time series, |

.12 Details of simulated SST andisﬁrfacr‘ev’ current speed for one day, 7371, shown

- 15 -

Duriﬁg the month-lon.g cruise fhe research vessel San Andres collected 63 stations,
bgginning in fhe west and ’progréssing eaStward’(indicated ‘by dots); The eddies are
spacéd approximately 3° apart. :

-4 Observed root~méan—sqﬁafe ksea( surface ‘he:ig.ht; ‘Contour iﬁtérval is2cm.

.5 Oﬁéérved sé}aklelvei at*fourylongitudés along 14°N. Gppgf ﬁane! shows time series,
lowef i:anel shows power Spectra. | ‘ | - |

.6 Ci‘oss-section of observed.sea: I‘evel With' lokngitudey and time at 14°N. Contour interval

is5cm.

.7 Simulated root-mean-square sea level. ~Contour interval is 2 cm.

lower panel shows power spectrum.

. 9 Cross-section of simulated sea level with longitude and time at 14°N. Contour interval

Fig
is 5 cm.
- Fig. 10 Vertical structure of simulated tempemmfe,« salinity, and velocity at 14°N on day

6780.

. 11 Model simulation sea level height at 30-day intervals. Note the penetration of an anti-

cyclonic eddy into the Caribbean Sea.

11. Region is 5°N-15°N, 70°W-50°W.
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